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ABSTRACT 


A  series  of  small  machined  aluminum  models  were  collapsed  under  ex¬ 
ternal  hydrostatic  pressure  to  study  the  inelastic  buckling  of  near-perfect  ring- 
stiffened  cylinders  made  of  strain-hardening  materials.  The  predominant  modes 
of  failure  were  general  instability  and  axisymmetrie  shell  buckling. 

Comparisons  of  test  results  with  the  analyses  of  Lunchick,  Krenzke,  and 
Kiernan  show  promising  correlation  but  additional  data  would  be  needed  for  a 
complete  evaluation. 

High  bending  stresses  near  frames  did  not  noticeably  affect  axisymmetrie 
shell  buckling  strength.  The  presence  of  frame  fillets,  however,  caused  a  sig¬ 
nificant  increase  in  general  instability  strength  although  bending  stresses  in  the 
absence  of  fillets  were  , datively  low. 

ADMINISTRATIVE  INFORMATION 

The  work  was  sponsored  by  'he  Bureau  of  Ships  under  Subproject 
S-F013  03  02.  Task  1951. 

INTRODUCTION 

Recent  efforts  in  the  development  of  oceanographic  vehicles  for  operation  at  grout 
depths  have  led  to  the  consideration  of  strain-hardening  materials  such  as  aluminum  and  tita¬ 
nium  alloys  for  the  pressure  hull.  Although  new  structural  configurations  are  also  being  con¬ 
sidered,  it  is  expected  that  the  conventional  ring-stiffened  cylinder  will  still  find  extensive 
use  as  the  major  structural  element  in  many  future  deep-diving  vessels.  Methods  are  therefore 
needed  whereby  the  collapse  depths  of  stiffened  cylindrical  hulls  made  from  strain-hardening 
materials  can  be  accurately  determined. 

One  form  of  collapse  that  can  occur  under  hydrostatic  pressure  is  inelastic  buckling  of 
the  shell  between  stiffeners  in  the  axisymmetrie  (spool-shaped)  mode.  Lunchick'  has  obtain¬ 
ed  a  solution  for  this  case  that  takes  the  effects  of  strain  hardening  into  account,  but  so  far 
there  have  been  insufficient  experimental  data  for  an  adequate  evaluation  of  his  solution. 

The  objective  of  the  present  studies  was  to  provide  the  necessary  data  through  tests  of  small 
machined  models  with  near-perfect  circularity  having  systematic  variations  in  shell  thickness, 
frame  spacing,  and  frame  size  —  the  parameters  on  which  shell  collnps-  strength  was  expect¬ 
ed  to  be  critically  dependent.  It  was  believed  that  many  small  models  mass  produced  at  low 
unit  cost  and  tested  with  no  instrumentation  would  tiring  a  greater  re' urn  than  would  a  few  ex¬ 
pensive,  elaborately  instrumented  models.  In  this  way  a  wide  parametric  range  could  be 
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studied  at  moderate  cost.  The  models  were  designed  to  allow  some  overlap  into  the  range 
where  nonsymmetrie  buckling  (circumferential  lobing)  of  the  shell  between  stiffeners  takes 
place.  The  transition  to  this  mode  is  reached  as  the  frame  spacing  is  increased  or  as  the 
shell  thickness  is  reduced. 

As  the  tests  proceeded,  however,  it  became  evident  that  with  the  range  of  parameters 
selected,  failures  could  not  be  confined  to  the  symmetric  mode  of  shell  collapse  because  of 
the  intervention  of  a  third  mode  of  failure.  More  often  than  not,  the  cylinders  were  found  to 
fail  by  inelastic  general  instability  (nonsymmetrie  buckling  of  frames  and  shell  together),  a 
mode  which  had  not  boon  believed  critical  because  of  the  relptively  short  lengths  of  the  cyl¬ 
inders  in  question.  That  this  had  not  been  foreseen  was  due  largely  to  the  fact  that  no  meth¬ 
od  was  then  available  for  estimating  inelastic  general  instability  strength.  Since  then  an 
analysis  of  the  problem  by  Lunchick2  and  a  nemi-empirical  method  by  Krenzke  and  Kiernan3 
have  been  developed.  Consequently  the  present  series  of  tests  is  also  used  to  evaluate 
these  latter  methods.  It  should  be  realized,  however,  that  because  of  the  parameters  select¬ 
ed  for  study,  those  critically  affecting  general  instability  strength  have  received  incomplete 
coverage.  The  effects,  for  example,  of  frame  shape  and  cylinder  length  have  not  been  ade¬ 
quately  explored. 

The  tests  were  conducted  with  69  small  machined  nluminum  cylinders.  In  this  report 
the  collapse  data  are  presented,  comparisons  with  appropriate  theory  are  made,  and  conclu¬ 
sions  are  drawn. 

DESCRIPTION  OF  MODELS 

Sixty-nine  2-in. -diameter  ring-stiffened  cylinders  were  machined  from  7075-T6  alumi¬ 
num  alloy  bar  stock  with  a  nominal  yield  strength  of  80,000  psi.  Each  model  had  six  external 
frames.  Although  internal  frames  are  normally  used  in  hydrospace  vehicle  hull  design,  exter¬ 
nal  frames  were  chosen  for  this  series  of  tests  because  of  economy  and  ease  of  machining. 
Furthermore,  it  was  expected  that  local  shell  buckling  strength  would  be  sensitive  to  the 
size  of  frames  hut  not  to  their  shape;  hence  uii  frames  were  rectangular  in  cross  section. 

The  models  were  designed  to  produce  a  systematic  variation  in  the  nondimonsiona! 
parameters  0,  h/R ,  and  Aj/hLj 

where 

„  j/snzii i 

spnr 

v  is  Poisson’s  ratio, 

A,  is  the  cross-sectional  area  of  the  stiffener, 
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A  is  the  shell  thickness, 

R  is  the  radius  to  the  niidsurface  of  the  shell, 

Lj  is  the  distance  between  frame  centers,  and 
L  is  the  unsupported  shell  length  between  stiffeners. 

The  ranges  chosen  (1.0-2. 5  for  0,  0.02-0.08  for  A //?,  and  0.2-0. 8  for  A^/hh^  covers  the  prac¬ 
tical  geometries  for  underwater  vehicles  of  strain-hardening  materials. 

The  measured  model  dimensions  together  with  the  yield  strength  of  the  material,  ns 
determined  by  the  0.2  percent  offset  method,  are  presented  in  Table  1. 

For  identification  of  nominal  parameters,  the  first  two  digits  of  the  model  number  rep¬ 
resent  0,  the  third  digit  represents  A  ' R ,  and  the  fourth  digit  represents  Aj/hLp  Thus,  for 
Model  15-26,  0  is  1.5,  h/R  is  0.02,  and  AJhL^  is  0.6.  Compression  specimens  were  taken 
along  the  length  of  bar  stock  from  which  the  models  were  machined.  A  typical  compressive 
stress-strain  curve  of  the  aluminum  alloy  used  is  shown  in  Figure  1.  Ratios  of  E./E,  E ./E, 
and  \fEJ^v'E  (where  E  is  Young’s  modulus,  Ef  is  the  tangent  modulus,  and  Es  is  the  secant 
modulus)  were  determined  from  these  stress-strain  curves  for  various  stress  levels.  Typical 
plots  of  these  ratios  are  also  shown  in  Figure  1.  These  quantities  are  used  in  calculating 
inelastic  buckling  pressures.  A  value  of  10.8  x  106  psi  for  Young’s  modulus  was  determined 
by  optical  measurements;  0.;)  was  assumed  for  Poisson’s  ratio. 

An  effort  was  made  to  minimize  the  detrimental  effects  of  end  conditions  by  decreasing 
the  length  of  the  two  end  frame  spacings.  The  spacing  of  the  first  frame  from  each  end  was 
G.h  the  spacing  (Lj)  of  the  central  frames,  and  the  spacing  between  the  first  and  second  frames 
was  0.9  L p  To  assess  the  influence  of  stress  concentration  on  collapse  pressure.  22  of  the 
models  were  duplicated  geometries  except  for  the  addition  of  a  l.'32-ln.  fillet  radius  at  the* 
bulkhead-shell  intersection  and  a  1,  64-in.  fillet  radius  at  the  frame-shell  intersections.  These 
models  are  designated  by  the  letter  F  following  the  model  number. 


TEST  PROCEDURE  AND  RESULTS 

Each  model  was  tested  to  collapse  under  hydrostatic  pressure  in  a  5-in. -diameter  tank. 
Oil  was  used  as  a  pressure  medium.  The  models  were  filled  with  oil  and  vented  to  the  atmos¬ 
phere  to  absorb  the  energy  released  at  collrpse.  Pressure  was  applied  in  increments,  each 
being  held  for  at  least  1  minute.  The  last  increment  was  normally  less  than  2  percent  of  the 
collapse  pressure.  Some  models  collapsed  ns  pressure  was  applied  while  others  failed  under 
a  constant  load. 

Table  2  gives  the  observed  experimental  collapse  pressures,  the  adjusted  collapse 
pressure  (which  takes  into  account  the  additional  load  due  to  the  externnl  position  of  the 
frames),  and  the  mode  of  failure  of  the  models.  The  adjusted  collapse  pressure  is  the  equi¬ 
valent  pressure  on  a  cylinder  of  constant  radius  equal  to  the  outer  radius  of  the  model 
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considered.*  Figure  2  is  a  graphical  presentation  of  the  adjusted  collapse  pressure  versus 
the  parameter  0  and  contours  of  h/R  and  Aj/hLp  In  determining  the  values  of  0  for  those 
models  with  fillets,  the  standard  submarine  design  practice  was  used  whereby  the  faying 
width  of  frame  is  taken  to  include  two-thirds  of  the  fillet  width  on  each  side  of  the  frame. 

This  reduced  the  nominal  values  of  0  as  follows:  from  2.5  to  2.3,  from  2.0  to  1.8,  from  1.5 
to  1.3,  and  from  1.0  to  0.8. 

Photographs  of  the  collapsed  models  are  shown  in  Figure  3.  It  can  be  seen  that  ex¬ 
tensive  damage  occurred  and  that  in  many  cases  the  shell  and  frames  were  torn  apart.  Fig¬ 
ures  3d-3i  show  that  the  presence  of  fillets  markedly  reduced  the  extent  of  this  tearing.  Mod¬ 
els  in  the  upper  and  lower  groups  of  these  figures  have  identical  dimensions,  but  those  in  the 
lower  groups  have  fillets.  It  was  observed  (Table  2)  that  the  models  with  fillets  generally 
had  slightly  higher  collapse  strengths  than  the  corresponding  models  without  fillets. 

The  great  majority  of  models  collapsed  in  the  general  instability  mode.  Of  the  remain¬ 
der,  all  except  one  appeared  to  have  failed  in  the  axisymmetric  shell  mode.  The  exception 
(Model  25-24F)  apparently  collapsed  ir  the  nonsymmetric  shell  mode.  In  this  respect,  the  de¬ 
sign  of  the  models  was  successful  since  some  degree  of  overlap  into  this  mode  had  been  de¬ 
sired.  In  some  cases,  particularly  those  models  without  fillets,  the  exact  mode  of  collapse 
was  difficult  to  distinguish  because  of  extensive  destruction;  in  others,  the  determination  was 
complicated  by  the  appearance  of  more  than  one  mode. 

Table  3  gives  a  breakdown  of  the  models  in  terms  of  their  geometric  parameters  and 
modes  of  collapse.  In  three  cases  (25-22F,  20-22F,  and  15-22F),  calculations  showed  that 
stresses  at  collapse  were  well  within  the  elastic  limit  of  the  material,  indicating  that  col¬ 
lapse  occurred  by  elastic  general  instability.  It  was  noted  that  in  these  three  cases,  the 
frames  deformed  within  their  planes  of  curvature  whereas  for  those  failing  by  inelastic  gen¬ 
eral  instability,  the  frames  twisted  or  folded  out  of  their  plant’s  (compare,  for  example.  15-22F 
with  15-26F  or  10-5  IF). 

Referring  to  Table  3.  we  see  that  all  models  having  a  nominal  0  of  1.0  collapsed  by  gen¬ 
eral  instability.  Models  10-22  and  10-22F  also  showed  axisymmetric  deformations.  Of  the  mod¬ 
els  having  a  nominal  ft  of  1.5,  those  with  Af/Ljh  less  than  0.8  collapsed  by  general  instability. 
Models  with  0  =  2.5  and  A^/L^  less  than  0.6  likewise  failed  in  that  mode  with  the  exception 
of  25-24F.  Local  shell  failures  occurred  in  all  cases  whore  A^'L^  =  0.8  and  0  was  greater 
than  1.0  and  in  those  for  which  A^/L^  -  0.6  and  6  -  2.0.  All  shell  failures  were  purely  axisym¬ 
metric  except  for  Model  25-24F  and  two  others  (25-28  and  25-26)  where  small  nonsymmetric 
deformations  were  also  observed.  Figtire  3f  is  a  good  illustration  of  the  changes  in  the  mode 
of  collapse  that  can  result  from  progressive  increases  in  frame  size. 


•In  most  of  the  theoretical  analyses  pertinent  to  this  Investigation,  the  pressure  is  taken  to  act  at  the  middle 
surface  of  the  shell.  Thus  the  additional  load  acting  on  all  material  external  to  this  surface  Is  ignored.  Where 
large  external  frames  or  relatively  thick  shells  are  concerned  {as  in  some  of  the  geometries  considered  here),  this 
difference  can  be  significant.  Rather  than  correct  each  of  the  computations  to  give  a  reduced  theoretical  pressure, 
It  wax  found  far  more  convenient  and  no  less  accurate  to  adjust  each  observed  collapse  pressure  upward  in  ac¬ 
cordance  with  the  load  conditions  to  a  pressure  comparable  to  the  original  computed  values. 
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EVALUATION  OF  INELASTIC  BUCKLING  ANALYSES 


Since  two  predominant  modes  of  failure  were  observed  in  these  tests,  it  is  convenient 
to  group  them  accordingly  before  evaluating  the  various  applicable  collapse  formulas. 

Table  4  lists  those  models  which  collapsed  by  general  instability  together  with  the 
ratios  of  theoretical  pressures  to  the  adjusted  experimental  pressures.  The  second  column 
lists  the  ratios  for  the  Lunchick  inelastic  general  instability  analysis  (Reference  2).  The 
next  two  columns  give  the  results  obtained  using  two  semi-empirical  formulas  proposed  by 
Krenzke  and  Kieman3  which,  for  these  models,  give  almost  identical  results.  These  are  pt 
(Equation  [1]  of  Reference  3)  and  (Equation  [9]  of  Reference  3).  Also  listed  in  the  table 
is  pa,  the  pressure  at  which  the  average  circumferential  stress  in  the  frame-she.l  combination 
reaches  the  0.2  percent  offset  yield  stress  of  the  material.  Although  not  strictly  applicable 
to  strain-hardening  materials,  this  pressure  is  included  to  illustrate  the  critical  nature  of  the 
frame  stress  in  the  plastic  general  instability  mode. 

In  general,  these  theoretical  pressures  are  somewhat  higher  than  the  experimental 
pressures,  most  coming  within  15  percent.  Moreover,  there  is  little  to  choose  between  the 
various  formulas,  at  least  for  these  models,  since  all  theoretical  pressures  are  in  close  agree¬ 
ment  for  each  case.  As  was  expected  for  short  models  such  as  these  (see  Reference  3),  pres¬ 
sures  given  by  pt  are  slightly  lower  than  those  given  by  ps(.  However,  the  differences  even 
for  the  shortest  models  are  at  most  about  3  percent.  Lunchick’s  pressures  are  consistently 
higher  than  />s(  hut  differ  only  by  about  the  same  percentage.  It  is  noted  that  the  models  with 
fillets  generally  had  higher  collapse  pressures  than  the  others,  and  in  nearly  every  case,  the 
pressure  is  in  excellent  agreement  with  the  calculations. 

Perhaps  a  better  way  to  examine  differences  between  calculations  and  experiments  is 
through  the  use  of  a  stability  ratio  diagram  wherein  trends  may  be  more  easily  identified.  Fig¬ 
ure  I  is  such  a  d:..g"am  in  which  the  abscissa  is  p^, pe,  where  pe  is  the  elastic  general  insta¬ 
bility  pressure  computed  by  a  modified  version  of  the  Bryant  formula.3  Here  psl  is  used  as 
representative  of  the  three  inelastic  buckling  formulas  cited.  The  ordinate  is  pc/pe,  pc  being 
the  adjusted  experimental  collapse  pressure.  One  can  immediately  see  that  for  cases  having 
high  margins  of  stability  (i.e.,  where  ps/pt  is  small),  the  agreement  between  theory  and  exper¬ 
iment  is  quite  good.  But  for  the  less  stable  shells  (larger  values  of  psl/pe),  note  that  the  ex¬ 
perimental  points  tend  to  fall  below  the  line  ( psl  =  pc)  although  the  agreement  is  still  good  for 
the  models  with  fillets.  The  spread  along  the  line  ps/pe  =  I  is  probably  due  to  varying  effects 
of  end  conditions,  which  become  more  important  as  the  elastic  region  is  approached.  The 
three  models  represented  by  the  points  on  that  line  all  collapsed  by  elastic  general  instability. 

It  may  be  surprising  to  note  that  the  presence  of  fil'ets  appears  to  have  had  an  impor¬ 
tant  effect  on  the  general  instability  collapse  strength.  One  might  naturally  think  that  the 
benefits  from  reducing  stress  concentrations  would  be  noticeable  only  in  the  case  of  interframe 
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shell  collapse  and  not  for  overall  collapse.  Actually  these  tests  show  that  the  converse  was 
true.  Furthermore  the  maximum  shell  stresses  ai  the  frames  were  relatively  low  for  the  gen¬ 
eral  instability  models.  In  most  cases  these  stresses,  according  to  calculations,  were  less 
than  the  yield  stress  at  the  point  of  collapse.  This  information  plus  many  additional  calcu¬ 
lations  may  be  found  in  the  Appendix. 

Table  5  lists  the  models  that  had  local  shell  failures  together  with  some  pertinent 
theoretical  calculations.  Expressing  these  results  also  in  terms  of  ratios  of  theoretical  to 
adjusted  experimental  pressures,  Column  2  gives  the  results  for  the  Lunchick  inelastic  buck¬ 
ling  analysis,1  which  is  the  only  one  listed  that  accounts  for  strain  hardening.  The  next  col¬ 
umn  lists  the  results  for  the  Lunchick  “plastic  hinge"  solution4  which  is  really  applicable 
only  in  the  case  of  an  elastic,  ideally  plastic  material.  However  it  does  take  the  bending 
stiesses  into  account  whereas  the  inelastic  buckling  analysis  does  not.  The  other  four  col¬ 
umns  list  pressure  ratios  based  on  the  Henrky-Von  Mises  yield  criterion  and  the  maximum 
stress  (Rankine)  criterion  as  determined  at  critical  locations  using  the  analysis  of  Pulos  and 
Salerno. 5  These  procedures  are  also  applicable  only  to  elastic,  ideally  plastic  materials,  but 
they  are  included  here  for  purposes  of  comparison.* 

For  Model  25-24F,  the  inelastic  buckling  analysis  of  Reference  7  for  the  nonsymmctric 
mode  rather  than  the  Lunchick  analysis1  was  used  to  compute  the  pressure  ratio  in  the  sec¬ 
ond  column.  The  last  row  in  the  table  gives  the  spread  in  pressure  ratios  (maximum-minimum) 
which  should  he  an  indication  of  the  consistency  of  each  method.  The  Lunchick  inelastic 
buckling  analysis  scores  noticeably  better  on  this  basis,  as  it  should,  although  it  appears  to 
be  generally  nonconservative.  The  accuracy  of  this  analysis  appears  to  be  best  for  thickest 
models  and  poorest  for  the  thinnest.  This  fact  may  be  considered  surprising  since  the  varia¬ 
tion  in  stress  through  the  thickness  is  not  taken  into  account  in  the  analysis.  Pressure  ratios 
in  the  fifth  and  sixth  columns  show  that  in  many  cases  the  bending  stresses  in  the  shell  were 
quite  high.  However  they  seem  not  to  have  seriously  affected  the  collapse  strength  of  the 
thicker  cylinders,  as  indicated  by  the  pressure  ratios  for  the  Lunchick  .nelastic  buckling  anal¬ 
ysis.  On  the  other  hand,  the  Lunchick  plastic  hinge  analysis  appears  to  overestimate  the  ef¬ 
fects  of  bending  stresses  in  the  thicker  cylinders. 

The  presence  of  fillets  seems  to  have  had  little  effect  on  the  collapse  strength.  This 
can  be  seen  by  comparing  pressure  ratios  in  Column  2  for  comparable  models  with  and  without 
fillets.  As  previously  noted,  this  fact  was  thought  somewhat  surprising,  and  it  may  be  of  con¬ 
siderable  importance. 


•In  all  stress  calculations,  the  analysis  of  Pulos  and  Salerno  was  modified  to  consider  the  external  position 
of  the  frames  and  the  outside  pressure  radius.  Rq  was  used  in  place  of  the  radius  to  the  midplane  of  the  shell, 
and  the  frame  area  was  adjusted  according  to  a  procedure  given  In  Reference  6.  This  adjustment  gives  an  equi¬ 
valent  frame  area  that,  when  located  at  the  midplane  of  the  shell,  has  the  same  capacity  to  resist  radial  forces 
as  the  actual  frame. 


6 


These  esults  can  probably  be  seen  more  clearly  by  once  again  making  use  of  a  sta¬ 
bility  ratio  diagram.  In  Figure  5,  the  abscissa  is  the  ratio  of  the  Lunchick  inelastic  buckling 
pressure  to  the  elastic  buckling  pressure  pe  for  the  axisymmctric  mode.  The  ordinate  is 
the  ratio  of  the  adjusted  experimental  pressure  to  pe.  The  models  with  thickest  shells  appear 
in  the  lower  range  (high  margin  of  stability)  of  pL/pe  whereas  the  thinnest  shells  appear  in 
the  upper  range.  It  is  quite  clear  that  the  accuracy  of  the  Lunchick  analysis  becomes  poorer 
as  p{  /p(  increases.  The  reason  for  this  is  not  clear.  Since  there  is  no  noticeable  difference 
in  the  performance  of  the  models  with  fillets  and  those  without,  even  in  thr  upper  range  of 
p,  /p  ,  it  cannot  be  said  that  bending  stresses  at  the  frames  are  responsible  for  the  poor  ac¬ 
curacy  in  this  range. 

Another  possibility  is  that  bending  stresses  at  midbay  have  important  weakening  ef¬ 
fects  (these  would  not  be  substantially  reduced  by  the  introduction  of  fillets),  but  if  this  is 
so,  the  figure  would  indicate  that  they  are  important  only  in  the  upper  (low  stability)  range 
of  pt  'pe.  The  authors  of  Reference  8  have  recently  suggested  that  this  may  be  the  explana¬ 
tion  and  have  devised  an  empirical  correction  to  the  Lunchick  solution  in  efforts  to  account 
for  it.  Their  procedure  can  be  represented  as  follows: 

The  Lunchick  inelastic  buckling  pressure  p.  is  based  on  the  membrane  stress  inten¬ 
sity  calculated  at  midbay.  If  po[^  is  defined  as  the  equivalent  pressure  based  on  the  stress 
at  the  outer  surface,  then  pcl  <  pL  because  the  stresses  at  that  location  are  always  greater 
than  the  membrane  stresses;  pf  is  the  modified  Lunchick  pressure  and  is  given  by: 

~  1-°'i  (Pl.-PoO 


1.0  S  — L-  <  6.0 

PoL 


It  is  seen  that  when  pe  -  pai>  ?l  -  Pol'  but  "ben  -  =  6'  becomes  p;  .  This  corresponds 

PoL 


to  a  high  margin  of  stability 


(Pi. 

—  =>  0. 

\* 


163  in  Figure  51.  The  formula  applies  only  in  the  sta¬ 


bility  range  stated.  For  -  >  6.0,  the  unmodified  Lunchick  pressure  pt  is  to  be  used. 

PoL 

So  far  there  has  not  been  sufficient  time  to  assess  the  accuracy  of  this  formula  with 
the  present  data.  However  it  appears  that  p ^  should  give  closer  agreement  with  the  tests 
than  does  pt . 
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DISCUSSION 


When  considering  the  results  of  this  investigation  (and  the  general  instability  data  in 
particular),  it  is  important  to  realize  that  the  original  objectives  have  imposed  definite  limi¬ 
tations  on  the  scope  of  the  study.  The  data  presented  in  Figure  4  cover  a  wide  range  of  sta¬ 
bility  ratios,  but  this  should  not  lead  one  to  conclude  that  the  results  represent  a  complete 
study  of  the  parameters  affecting  general  instability  strength.  The  total  cylinder  length 
for  example,  is  one  of  the  critical  parameters,  but  it  was  not  adequately  covered  because  it 
has  no  importance  for  local  shell  buckling.  A  practical  vehicle  might  be  as  long  as  10  diam¬ 
eters,  but  the  longest  cylinder  (25-84)  represented  in  Figure  4  is  only  2  diameters  long. 

Frame  shape,  another  important  factor,  has  not  been  included  in  this  study,  all  frames  having 
been  rectangular  in  cross  section.  The  margin  of  stability  of  many  of  the  models  probably 
could  have  been  improved  by  using  more  efficient  sections,  e.g.,  T-sections  having  the  same 
weight.  Thus  the  upper  range  of  pst/pe  where  agreement  between  theory  and  experiment  is 
poorest  may  be  out  of  the  range  of  practical  frame  design. 

Another  consideration  is  the  relative  stress  distribution  in  the  frames  and  shell.  In 
-'ach  of  the*  analyses  evaluated  in  Table  4,  it  is  assumed  that  the  frames  and  shell  are  equal¬ 
ly  stressed.  Calculations  show  that  this  is  not  a  bad  assumption  for  the  models  tabulated, 
but  it  is  an  approximation  that  becomes  less  accurate  with  increasing  0.  Thus  for  larger 
values  of  0  than  those  investigated,  it  is  possible  that  the  shell  could  be  stressed  well  into 
the  inelastic  region  before  the  frame  stresses  have  reached  the  elastic  limit.  Such  cases 
might  be  studied  with  longer  cylinders. 

The  position  of  the  frame  is  a.iother  factor  to  bo  considered.  It  is  shown  in  Refer¬ 
ence  6  that  internal  frames  absorb  a  greater  share  of  the  total  load  on  a  section  than  do  ex¬ 
ternal  frames  of  the  same  cross  section.  However,  in  all  of  the  inelastic  general  instability 
calculations  tabulated  here,  the  location  of  the  frames  is  not  taken  into  account  in  the  com¬ 
putation  of  stress.  That  is,  the  stress  intensity  used  to  determine  the  reduced  moduli  Es  and 
Ef  is  obtained  with  the  frame  area  taken  to  be  concentrated  at  the  shell  radius.  Consequently 
it  might  be  expected  that  buckling  pressures  for  a  corresponding  series  of  internally  framed 
cylinders  would  be  somewhat  higher  and  therefore  in  better  agreement  with  the  calculations. 

By  what  mechanism  the  presence  of  fillets  increases  inelastic  general  instability 
strength  is  a  question  not  likely  to  be  answered  with  the  results  at  hand.  Perhaps  some  addi¬ 
tional  tests  using  duplicates  of  a  few  selected  models  but  with  strain  measurements  taken  on 
and  near  the  frames  would  provide  informative  data.  It  is  significant  to  note,  however,  that 
an  actual  welded  structure  would  have  fillets  and  that  it  is  these  cases  in  which  theory  and 
e  peri  men  t  are  in  best  agrf  ement. 


8 


In  view  of  the  small  number  of  shell  buckling  failures  observed,  the  data  for  this  mode 
of  collapse  also  appear  to  be  insufficient  for  a  complete  evaluation  of  the  Lunehiek  analysis. 
In  particular,  Figure  5  shows  a  conspicuous  gap  in  the  range  0.2  <  pr/pe  <  0.35.  This  could 
probabi)  be  filled  in  with  some  additional  cylinders  having  k/R  in  the  range  0.03-0.04.  It 
has  also  been  pointed  out  that  calculated  midbay  bending  stresses  for  all  models  shown  in 
Figure  5  were  relatively  large  and  that  they  may  be  responsible  for  the  poor  correlation  in  the 
upper  range  of  pt  /pf.  To  determine  the  validity  of  this  suspicion,  data  are  therefore  needed 
for  models  having  the  same  range  of  pt  /pe  but  with  relatively  low  bending  stresses.  This 
might  be  accomplished  through  the  use  of  shorter  models  having  lighter  frames  but  with  T- 
eross  sections  to  prevent  general  instability  collapse. 

It  is  also  worth  noting  that  the  group  of  models  at  the  upper  end  of  the  pf  //>  scale 
probably  do  not  represent  realistic  designs.  The  high  bending  stresses  would  no  doubt  be 
unacceptable  for  a  practical  vehicle  because  of  the  possibility  of  fatigue  and  necessary  al¬ 
lowances  for  the  presence  of  residual  stresses  and  imperfections.  It  is  therefore  more  likely 
that  lighter  frames  with  closer  spacing*  would  be  used,  thereby  reducing  Wand  consequently 
decreasing  pf  '/>  .  Weight  considerations  would  naturally  requ  e  the  use  of  a  more  efficient 
frame  shape  such  as  th  >  T  so  that  further  reductions  in  frame  size  would  be  possible.  Use  of 
Pf  in  the  design  of  a  practical  vehicle  is  therefore  not  apt  to  be  required  in  the  range  where 
its  reliability  is  poorest. 

Finally,  it  should  be  emphasized  that  these  models  were  relatively  free  of  the  weaken¬ 
ing  influences  of  imperfections  and  residual  stresses  inherent  in  structures  fabricated  by  con¬ 
ventional  techniques.  Any  conclusions  ns  to  the  reliability  o'  he  various  analyses  for  the 
design  of  full-scale  hulls  must  therefore  await  tests  of  models  in  which  such  effects  can  be 
studied. 


CONCLUSIONS 

The  following  statements  apply  only  for  near-perfect  cylinders  made  of  strain-hardening 
materials  and  stiffened  by  external  rings. 

1.  The  present  series  of  tests  provide  useful  data  on  inelastic  buckling  in  the  uxisymmetr." 
and  general  instability  modes  but  not  enough,  however,  for  a  full  evaluation  of  relevant  theory. 

f‘or  the  two  buikling  modes,  the  analyses  of  Lunehiek 1,2  and  Krenzkc  and  Kiernar.3 
are  likely  to  be  unconservative  in  their  predictions  of  collapse  strength,  when  fillets  are  not 
employed  but  should  improve  in  accuracy  as  pr  pr  is  reduced. 

3.  The  presence  of  high  bending  stresses  near  the  frames  did  not  noticeably  affect  the 
axisymmetric  shell  buckling  strength  for  the  models  tested. 
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4.  Inelastic  general  instability  strength  in  the  range  0.5  <  pc/pe  <  1.0  can  be  increased 
significantly  by  the  introduction  of  frame  fillets  even  though  bending  stresses  in  the  vicinity 
of  the  frames  are  relatively  low  when  fillets  are  absent. 
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Figure  lb  —  Effective  Modulus  Plots 

Figure  1  -  Typical  Data  on  Material  Properties  of  7075-T6  Aluminum 
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Figure  3  -  Models  after  Collapse 
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TABLE  1 


Measured  Model  Dimensions  and  Yield  Strengths 


0 XL. .  O.M., 

■  0,50--4>  '»  . -V..L  iAXL, 


O.V,  0.8A, 


n_r — 


TABLE  2 


Experimental  Collapse  Data 


Experimental  Collapse  Piessuies 


Observed  Adjusted* 


Mode  of  Collapse 


Axisymmetric 

Axisymmetnc 

I.G.l.t 

1.6.1. 


ism  * 

5.450 

5,557 

4.500 

4,545 

7.050 

7,326 

6.400 

6,580 

5.500 

5,607 

4,600 

4.645 

7,250 

7,538 

6,450 

6,640 

5.625 

5,738 

4,700 

4,746 

!  ,850 

1,883 

1.960 

1,992 

1.900 

1.895 

Axisymmetnc 

Axisymmetnc 

1.6.1. 

1.6.1. 


Axisymmetnc** 

Axisymmetnc** 

1.6.1. 


•Adjusted  pressure  observed  pressure 


I 

■rv’j 


Experimental  Collapse  Pressures 


Adjusted* 


Mode  of  ''"•'apse 


Axisymmetric 

Axisymmetric 

1.6.1. 


t. 

520 

2. 

» 

2, 

2, 

m 

1, 

720 

2, 

(40 

2, 

540 

2, 

180 

1. 

775 

Axisymmetric 

Axisymmetric 

Nonsymmetrie 

E.G.l.tf 


Axisymmetric 

Axisymmetnc 

I.G.I. 

E.G.I. 


Axisymmetric 

I.G.I. 

I.G.I. 

E.G.I. 


••Buckling  mode  not  clearly  distinguishable, 
flnelastic  Gene'll  Instability, 
tt Elastic  General  Instatility. 


where  tn(  is  ti  e  radius  to  outer  surface  of 
Irame  and  other  terms  are  as  defined  previously. 


TABLE  3 


Collapse  Mode  Distribution 


1 

h/R  .  0.08 

h/R  *  0.05 

h/R  .  0.02 

0.8 

0.6 

0.4 

0.2 

|  0.8 

a 

fl 

0.2 

0.8 

0.6 

0.4  0.2 

2.5 

I1'! 

iaii 

■ 

B 

M 

MM 

B 

2 

£S3F! 

ii  3Fg: 

mmm 

Mmm 

2.0 

n 

1 

2 

P'i 

2 

B 

1  3F| 

§jj  2F| 

m 

1.5 

i 

1 

1 

Riel 

p?i 

1 

IF 

2 

IF 

®3f| 

2 

IF 

—r nrr 

F  *  1F 

■:  HI 

1.0 

l 

i 

1 

1 

1 

IF 

1 

IF 

1 

IF 

2 

IF 

2 

IF 

2 

IF 

3  3 

IF  IF 

Inelastic  general  instability 

Shell  failure 

General  instability  on  one  model 
Shell  failure  on  duplicate 

Elastic  general  instability 


*1  Calculations  within  10  percent  of  test  data. 

2  Calculations  and  test  data  differ  by  10-15  percent. 

3  Calculations  and  test  data  differ  by  more  than  15  percent. 
Both  designations  within  a  square  indicate  a  duplicated  model, 
the  F  signifying  the  one  with  fillet  radii. 
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TABLE  4 


General  Instability  Data 


Model 

BilPO  ol  Theoretical  to  Adjusted  Experimental 
Collapse  Pressure 

Lundtick 
(Reference  2) 

Kreneke-Kiernan 
(Reference  3) 

Averaf  e 

Circumferential 

n 

-  Yield 

“a. 

25-8) 

1.04 

1.02 

1.04 

0.95 

25-82 

1.08 

1.05 

1.02 

1.00 

20-86 

1.06 

1.03 

1.04 

0.92 

20-84 

1.08 

1.04 

1.06 

0.92 

20-82 

1.15 

l.CS 

1.11 

1.01 

15-88  • 

1.00 

0.96 

0.98 

0.93 

15-86 

1.08 

1.03 

1.05 

0.92 

1584 

1.10 

1.03 

1.06 

0.95 

15-82 

1.08 

1.02 

1.02 

0.99 

10-88 

0.59 

0.93 

0.96 

0.90 

10-86 

1.06 

1.02 

1.C3 

0.92 

10-84 

1.06 

1.04 

1.05 

0.95 

10-82 

1.1 1 

1.02 

1.09 

0.99 

25-54 

1.11 

1.06 

1.08 

1.01 

25-52 

1.13 

1.12 

1.12 

1.08 

20-54 

1.10 

1.10 

1.12 

1.02 

20-52 

1.13 

1.11 

1.12 

1.02 

15-58 

1.02 

1.01 

1.03 

0.99 

1556 

1.06 

1.05 

1.05 

0.99 

1554 

1.10 

1.09 

1.09 

1.02 

1552 

1.14 

1.11 

1.12 

1.06 

10-58 

1.02 

1.00 

1.01 

0.98 

10-56 

1.08 

1.03 

1.05 

0.98 

10-54 

1.12 

1.08 

1.10 

1.01 

10-52 

1.13 

1.11 

1.12 

1.05 

2524 

1.26 

1.24 

1.25 

1.24 

20-24 

1.1* 

1.12 

1.12 

1.15 

1526 

1.15 

1.13 

1.14 

1.12 

1524 

l.r? 

1.16 

1.16 

1.13 

10-28  • 

1.16 

1.12 

1.12 

1.12 

10-26 

1.16 

1.14 

1.15 

1.14 

10-24 

1.12 

1.16 

1.12 

1.13 

10  22 

1.24 

1.24 

1.24 

1.23 

15  56F 

0.99 

0.92 

0.98 

0.91 

1554F 

1.00 

0.92 

0.98 

0.91 

I552F 

1.01 

0.92 

0.99 

0.95 

10- 58  F 

0.96 

0.93 

0.94 

0.89 

10  MF 

1.01 

0.98 

0.99 

0.92 

10-54F 

1.02 

1.01 

1.04 

0.96 

10  52F 

0.98 

0.95 

96 

0.91 

25  22F** 

0.93 

0.93 

0.93 

20-24F 

1.06 

0.98 

1.05 

1.02 

20-22F** 

0.98 

0.98 

3  98 

1526F 

1.06 

1,01 

.05 

1.05 

15-24F 

1.06 

1.03 

.04 

1.05 

I5-22F" 

1.06 

1.06 

.06 

10-28F* 

1.06 

1.03 

.04 

1.04 

10-26F* 

1.02 

1.03 

.06 

1.05 

10  24F 

1.02 

1.02 

.02 

1.03 

10  22F 

1.02 

1.02 

.02 

1.12 

•BucMmii  mode  not  dearly  dislinjuishabfe. 
"Elastic  bucklin|. 


TABLE  5 


Axisymmetric  Shell  Buckling  Data 


Mode! 

Ratio 

r  Theoretical  to  Adjusted  Experimental  Collapse  Pressure 

L  unchi ck 
inelastic 
Buckling 
(Reference  1) 
Pl 

r 

Lunchick 

Plastic 

Hinge 

(Reference  4) 

Hencky-Von  Mises 
Midbay  Stresses* 

Maximum  Stress* 

a  Inside 

Outside 

at  Midbay 

Middle 

Thickness 

Exterior 

at  Frame 

25-88 

1.04 

0.86 

0.92 

0.77 

0.61 

0.74 

25-86 

1.05 

0.85 

0.89 

0.78 

0.68 

0.73 

20-88 

1.00 

0.82 

0.86 

0.75 

0.65 

0.71 

25-58 

1.11 

0.98 

1.04 

0.86 

0.68 

0.85 

25-56 

1.11 

0.96 

1.01 

0.87 

0.73 

0.82 

20-58 

1.05 

0.93 

0.99 

0.84 

0.72 

0.82 

20-56 

1.06 

0.90 

0.95 

0.83 

0.77 

0.79 

25-28  f 

1.21 

1.13 

1.23 

0.96 

0.75 

1.01 

25-26  f 

1.17 

1.09 

1.17 

0.96 

0.83 

0.97 

20-28 

1.20 

1.13 

1.21 

0.99 

0.82 

1.01 

20-26 

1.20 

1.16 

1.20 

1.05 

0.93 

1.00 

15-28 

1.19 

1.10 

1.15 

1.02 

0.91 

0.99 

15-58F 

0.99 

0.83 

0.85 

0.79 

0.75 

0.74 

25-28F 

1.19 

1.10 

1.19 

0.96 

0.80 

0.98 

25-26F 

1.19 

1.10 

1.12 

1.00 

0.93 

0.96 

25-24  F 

1.10” 

1.11 

1.16 

1.03 

0.99 

0.96 

20-28F 

1.17 

1.09 

1.17 

0.98 

0.84 

0.98 

20-26F 

1.15 

1.07 

1.12 

0.98 

0.91 

0.94 

15-28F 

1.16 

1.02 

1.05 

0.96 

0.92 

0.91 

Spread 

0.21 

0.34 

0.38 

0.30 

0.38 

0.30 

'Stresses  calculated  using  analysis  of  Pulos  and  Salerno. s 

"Nonsymmetric  shell  buckling.  Theoretical  collapse  pressure  in  this  column  obtained  from 
analysis  of  Reference  7. 

t  Buck  ling  mode  not  clearly  distinguishable. 
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APPENDIX 

SUMMARY  OF  TEST  RESULTS 


or  reference  purposes,  a  comprehensive  taLj|at;on  of  all  test  results  and  calculations 
led  here  as  Table  6. 

TABLE  d 

Summary  of  Test  Results  and  Calculations 


Ratio  of  Theoretical  to  Adjusted  Expe 


Model 

25-88 

25-86 

25-84 

25-82 

20-68 

20-86 

20-84 

20-82 

15-88 

15-86 

15-84 

15-82 

10-88 

10-86 

10-84 

10-82 

25-58 

25-51 

m  Stress  Criterion 
itudinal,  Frame 

0.61 

i 

n 

i 

0.65 

0.77 

I 

1.32 

n 

■ 

I 

1 

n 

n 

n 

■ 

0.7: 

ferential,  Midbay 

0.74 

Da 

B 

0.71 

0.75 

■ 

0.92 

n 

■9 

H 

mm 

0.72 

n 

K 

Bi 

B 

o.8; 

cky-Von  Mises 
ess  Criterion 
bay,  Midplane 

0.92 

0.89 

0.92 

1.06 

0.86 

0.90 

ESS 

0.83 

■ 

H 

1.07 

0.82 

0.89 

0.98 

1.08 

1.04 

Ibay,  Outside 

0.77 

0.80 

Mg| 

■  ,  •' 

0.77 

H 

1.05 

0.87 

0.96 

ck  Plastic  Hinge4 

0.86 

0.85 

0.89 

1.05 

0.82 

0.86 

0.94 

1.07 

0.81 

0.90 

0.95 

1.06 

0.81 

0.89 

0.97 

1.08 

0.98 

0.91 

c  Shell  Buckling 
ymmetric  Mode7 

5.37 

I 

I 

fifl 

6.86 

B ' 

8.52 

8.37 

9.66 

10.34 

12.10 

13.86 
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